Abstract. In this study the latest version of the MiKlip decadal hindcast system is analyzed and the effect of different horizontal and vertical resolutions on the prediction skill of the northern hemisphere extra-tropical atmospheric circulation is assessed. shortcomings of lower resolution climate models, e.g. a too zonal stormtrack and a negative bias of blocking frequencies over the eastern North Atlantic and Europe, the HR version works against these biases. As a result, a functional chain of significantly improved decadal prediction skill between all four metrics is found with the increase of the spatial resolution.
With respect to the North Atlantic and European domain, in many climate models of lower resolution a cold sea surface temperature (SST) bias south of Greenland is present, due to a displacement of the North Atlantic Current or a too weak overturning circulation (Park et al., 2016; Scaife et al., 2011; Wang et al., 2014) . This common bias in the North Atlantic Current, is associated with a too zonal stormtrack, stronger geopotential height gradients in the mid-latitudes, increased westerlies and reduced blocking frequencies over Europe. It has been found in many studies, that the atmospheric dynamics benefit not only 5 from a coupling of the atmosphere and ocean but also from an increased model resolution (e.g. Shaffrey et al., 2009; Jung et al., 2012; Dawson et al., 2013) . Scaife et al. (2011) , for example, demonstrated that the increase in resolution in both the atmospheric and oceanic model components results in a functional chain of improvements, as they found a reduced SST bias in the higher resolution model which in turn lead to a better representation of westerly winds and blocking frequencies.
With an atmospheric resolution of T63L47 (about 1.875
• horizontal grid spacing) and an oceanic resolution of 1.5
• L40 the 10 MPI-ESM-LR decadal prediction system, applied in the first phase of MiKlip, has a rather moderate spatial resolution. Meanwhile, studies using higher resolution forecast systems are available, for instance Monerie et al. (2017) using 0.5
• grid spacing in the atmosphere and Robson et al. (2018) using ∼0.9
• . However, systematic analyses of the actual effect of the increase in resolution on the hindcast performance on the decadal scale are rare. Pohlmann et al. (2013) found for the hindcasts of mixed resolution (MPI-ESM-MR) that an increase in vertical (atmosphere: T63L95) and horizontal resolution (ocean: 0.4
• L40) com-15 pared to MPI-ESM-LR improves the tropical Pacific surface temperature predictions in the lead years 2-5 and leads to a good representation of the quasi-biennial oscillation (QBO), which remains in alignment with observations well beyond the first 12 months after initialization. Apart from that, the mixed resolution shows only modest benefit for the hindcast skill (Marotzke et al., 2016) .
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In this study, for the first time an analysis of the direct impact of the model resolution on the skill of decadal climate predictions of dynamical variables under otherwise unchanged model settings (parametrization and initialization) is performed. We evaluate the MiKlip hindcasts performed with the latest version of the Max-Planck Institute Earth System model with higher resolution (MPI-ESM-HR, Müller et al. 2018 ), which will contribute to CMIP6, and compare its decadal forecast skill to that of a previous lower-resolution version (MPI-ESM-LR). While many studies analyzing the skill of decadal forecast systems 25 tend to focus on basic atmospheric variables such as the surface temperature and precipitation (e.g. Smith et al., 2007; Keenlyside et al., 2008; Goddard et al., 2013; Kadow et al., 2016; Monerie et al., 2018; Xin et al., 2018) , we emphasize the role of dynamical processes and therefore analyze a set of variables representing the extra-tropical winter dynamics -the stormtrack, blocking, cyclones and windstorms.
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We introduce the MPI-ESM prediction system in Sect. 2.1, as well as the skill measure used to assess the hindcast quality in this study. In Sect. 2.2 we describe the different circulation quantities in detail and present their climatology in the ERA-Interim reanalysis. The model climatology and biases are discussed in Sect. 3.1. Finally, the prediction skill of the winter circulation is evaluated in Sect. 3.2 with a focus on the North Atlantic and European region, before we conclude our results in Sect. 4.
Data and methodology
The extra-tropical circulation in the Northern Hemisphere is most active during the winter season, with a stronger jet stream in the upper-troposphere and numerous strong cyclones developing in the mid-latitude baroclinic areas, favored by strong horizontal temperature contrasts resulting from relatively warm ocean currents near the surface and cold polar air masses.
Storms that strike the European continent at this time of the year are often powerful and damaging. We will therefore focus on 5 the winter circulation and evaluate averages of the stormtrack and blocking, cyclone and windstorm frequencies from October through March. The stormtrack describes the variability of baroclinic waves on synoptic time-scales in the extra-tropics. These baroclinic waves are a combination of two contributing components, i.e. anti-cyclonic and cyclonic anomalies, which we will analyze in terms of blocking frequencies on the one hand and extra-tropical cyclone and windstorm frequencies on the other hand.
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To assess the model bias and to compute the prediction skill of the different variables in the decadal hindcasts, a reference, i.e. an observational data set is needed. However, there exists no gridded observational data set of the dynamical variables that we aim at. Instead we make use of a reanalysis product and derive the circulation quantities for the winters 1979/80 to 2016/17 from the ERA-Interim reanalysis (Dee et al., 2011) , created by the European Centre for Medium-Range Weather Forecasts (ECMWF), with a horizontal resolution of T255 (∼0.75
• ) on 60 levels and a top of the atmosphere at 0.1 hPa.
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Forecast system and skill measures
The two decadal forecast systems that we compare are both based on the Earth System Model of the Max-Planck-Institute for Meteorology (MPI-ESM) version 1.2, which is a coupled atmosphere ocean model and consists of the atmospheric component (Müller et al., 2018) . The HR version therefore has a finer grid in both the atmosphere and the ocean components. For this analysis, both systems use the CMIP5 25 external forcing with respect to greenhouse gases and aerosols (for details see Giorgetta et al. 2013) . Both systems are full-field initialized in the atmosphere, using ERA-40 (Uppala et al., 2005) and ERA-Interim (Dee et al., 2011) ; and anomaly-initialized in the ocean, using ORA-S4 (Balmaseda et al., 2013) and sea-ice concentration from the National Snow and Ice Data Center (NSIDC). The initialization procedure is identical to the one used for MiKlip's Baseline 1 system and is described in more detail in Pohlmann et al. (2013) . The LR system consists in total of 10 ensemble members, initialized annually between 1960 30 and 2016, with each initialization covering one decade. The integration period for each of the initializations spans 10 years.
However, since the HR system -with an otherwise identical hindcast setup -consists of only 5 members, and to guarantee a fair comparison between the two forecast systems we only evaluate the first 5 members of LR as well. against the reanalysis data, i.e. the anomaly correlation between the respective hindcast and ERA-Interim is determined. Then, the two systems are compared against each other, i.e. the difference of the aforementioned correlations between the two forecast systems is computed. To determine the significance of the correlation, the time series of reanalysis-hindcast pairs is resampled 10 with replacement 1000 times (block bootstrap taking auto-correlation into account).
Circulation metrics Stormtrack
The extra-tropical stormtrack is derived from the bandpass filtered variability of the geopotential height field at 500 hPa in the window of 2.5 to 6 days -an Eulerian approach following Blackmon et al. (1976) . Its long term winter average (October 
Blocking
The second synoptic scale feature that we analyze is atmospheric blocking. Here, a slightly modified version of the 2-dimensional blocking index of Scherrer et al. (2006) , based on gradients in the daily 500 hPa geopotential height field, is used to identify instantaneously blocked grid points. In contrast to Scherrer et al. (2006) , where a blocking area is defined in between the blocking high and the associated low, here the position of detected blocked grid points is shifted north by 7.5 system is then tracked in time, at 6-hourly time steps, using predicted locations for the successive time step, and probabilities for the assignment of the systems in the consecutive time steps. The measure we ultimately use for our evaluation is the cyclone 20 frequency, i.e. the number of cyclone tracks that pass within a radius of 1000 km of the respective grid point on a 2.5
• x 2.5
• grid. As the extrapolation of pressure to sea level can be erroneous over high terrain, cyclones are not identified at grid points where the orography is higher than 1500 m. In this study only cyclones are taken into account that are strong (Laplacian > 0.7 hPa (deg. lat.)
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) and closed at least once during their lifetime and that last longer than a day. The winter average of the cyclone frequency is displayed in Fig. 1 as red dashed contours. Its maximum is located at the southern tip of Greenland with 25 180 cyclones and a band of enhanced cyclone frequencies is located downstream of the stormtrack maximum with a similar southwest-northeast tilt.
Windstorms
Yet another objective Lagrangian tracking scheme is used to derive the frequency of extra-tropical windstorms (Leckebusch 30 et al., 2008; Kruschke, 2014) . This method is based on the exceedance of the local 98th percentile of the near-surface wind speed to define contiguous fields of strong wind. Percentiles are calculated for each hindcast and the reanalysis individually using 6 hourly data of the whole year between 1981 and 2010. For the hindcasts the percentiles of the uninitialized counterparts are used as done by Kruschke et al. (2016 /murcss/detail/ (skill analysis).
Results
Model bias
Before we analyze the prediction skill, we will first evaluate the ensemble mean climatology and the model bias, in order to assess the model's capability to represent the four atmospheric circulation features. For this, we only take into account those 15 seasons that will be used for the skill analysis, i.e. the winters 2-5 of each of the 35 initializations (1978-2012 ) and 2x 5 members (LR and HR). To compute the model bias, we consider the entire reanalysis data set, i.e. winters from 1979/80 to 2016/17.
In Fig. 2 the model bias, compared to ERA-Interim, for the stormtrack and blocking frequency is displayed in colored shades and the respective model climatology is shown in grey contours, for both the LR and HR ensemble mean. The grey contour 20 levels are the same as for the ERA-Interim climatology in Fig. 1 . The LR system shows the typical North Atlantic stormtrack along 45
• N, with a maximum over the western part of the basin, however rather zonally aligned (Fig. 2a) . Since the observed stormtrack is tilted, from south-west to north-east (see Fig. 1 ), this results in a negative bias (-10m) at higher latitudes and a positive bias (+8m) at lower latitudes in the LR prediction system. This bias can partly be corrected with the increase in the model resolution, as the HR system increases the stormtrack activity where there is a negative bias in LR and vice versa 25 (Fig. 2c) , however this effect is strongest at the northern side of the stormtrack, as also seen in Müller et al. (2018) (their Fig.   10 ). In HR the North Atlantic stormtrack is more tilted, and therefore closer to observations (Fig. 2b) . Not only does it extend further north in the higher resolution system, but it also extends further downstream, towards Central and Eastern Europe, and therefore reduces the negative bias over the North Sea and Scandinavia that is present in LR. The bias in HR is reduced at both, northern and southern, flanks of the Atlantic stormtrack, however it is still present (-7m and +7m).
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The blocking frequency shows a strong negative bias (-3%) in the LR system, just north of its climatological maximum, i.e.
over a band stretching from the central North Atlantic and Great Britain towards the Baltic Sea, and a positive bias (+1.5%) over the Mediterranean (Fig. 2d) . Fig. 2f nicely illustrates that again the HR prediction system counters these shortcomings of the LR system and reduces the bias in the right places, but the effect is rather marginal for this quantity. Though weaker, the bias of the blocking frequency in HR is still considerable (-2.5% and +1% respectively). These findings are in line with the analysis of blocking in Müller et al. (2018) (their Fig. 12 ).
The climatology of the cyclone frequency with its maximum at the southern tip of Greenland, seen in Fig. 1 , is also visible in LR (Fig. 3a) . In contrast to the stormtrack and blocking frequency, the cyclone frequency in LR does not exhibit a clear south- ward shift compared to the reanalysis. Instead, in the low resolution system there are overall far too many cyclones present between 30
• -70
• N, but especially over the central North Atlantic, where a positive bias of up to +80 cyclones is found. Most impressively amongst all variables, this bias of the cyclone frequency is radically reduced and almost completely absent in the HR system (Fig. 3b) . The numbers are reduced to a bias of -10 cyclones over the western North Atlantic and +10 cyclones over Europe. The increase in horizontal and vertical resolution evidently eliminates many cyclone tracks in the MPI-ESM (Fig.   5 3c) over the entire North Atlantic domain and adjacent continents. This results in cyclone climatologies very close to those in ERA-Interim (Fig. 3b ).
The windstorm frequency shows a slightly different behavior. There are too few windstorms (-3) present over the western and central North Atlantic along the North Atlantic current, and too many windstorms over the continents -+3 over Europe 10 and +5 over the US and Canada (Fig. 3d) . Given that there are too many cyclones in LR, the negative windstorm bias over the Atlantic might seem contradictory, as windstorms are a consequence of strong cyclones. However, it should be highlighted that the cyclone tracking algorithm also detects cyclones in their weak phase, as long as they become strong at least once during their lifetime. Therefore, the positive cyclone bias is likely influenced by many weaker and/or short lived systems that are not strong for a long enough time to develop a windstorm. The negative windstorm bias is therefore not contradictory. In fact it is 15 in line with the too zonally oriented stormtrack (Fig. 2a,b) , also resulting in too many windstorms over Central Europe and the Mediterranean and too few storms over Northern Europe (Fig. 3d,e) . The increase of the model resolution yields an increase of windstorm frequency over the North Atlantic current (Fig. 3e ) and a remarkable reduction over the Hudson Bay, implying that local temperature gradients along land-sea borders and related surface fluxes, are slightly better represented in HR. The bias over South East Europe, however, is amplified. This leaves the higher resolution system with biases of -2 along the North
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Atlantic current and the central North Atlantic, and +6 over South East Europe (Fig. 3f) .
While the exact location and magnitude of the extra-tropical circulation features over the North Atlantic and European region exhibits deviations from the observation, overall the MPI-ESM is capable to represent those dynamical variables. Also in Müller et al. (2018) , it is noted that although bias reductions from LR to HR are modest for the multitude of variables 25 they analyzed, the dynamics of the atmosphere still benefit from the increase in resolution and make this model eligible for prediction studies. We therefore proceed to analyze the deterministic decadal prediction skill.
Prediction skill
The anomaly correlation between the stormtrack in the LR hindcast and ERA-Interim for the winters 2-5 after initialization is shown in Fig. 4a . Although both, significant positive and negative correlations are equally valuable from a mathematical point the meridional gradient of the stormtrack climatology is strongest, there is significant negative correlation. This lack of skill in that area is overcome when the resolution of the dynamical model is increased. In the HR system (Fig. 4c) there is a large region (Fig. 4e) .
The anomaly correlation between LR and ERA-Interim for the winter blocking frequencies are illustrated in Fig. 4b . Similar to the stormtrack, there is skill over Canada. Although the correlation is positive in large areas over the North Atlantic and Central Europe, it is only significant at a few of those grid points, e.g. south of Iceland and around the Baltic Sea. This changes 5 in the HR system, larger areas around and downstream of Newfoundland and over Northern and Eastern Europe show skill for the winters 2-5 (Fig. 4d) . Also, some areas of significantly negative correlation over the central North Atlantic around 40
• N, the Mediterranean and Scandinavia, present in LR, are reduced in size or converted to positive correlation in HR. A significant improvement in correlation with respect to the blocking frequency is therefore found for several areas, such as east of Newfoundland and all around Europe, i.e. the Mediterranean, Eastern and Northern Europe (Fig. 4f ) -except for Central Europe,
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which actually suffers from a significant decrease in correlation from LR to HR. The skill improvement around the Mediterranean and downstream of Newfoundland matches well with the bias reduction in those areas. The change in the anomaly correlation of the other regions cannot be directly explained by climatological changes.
For winter cyclone frequencies in the winters 2-5 in LR there is a small area of significant skill over the Arctic Ocean north 15 of Scandinavia, however the rest of the domain is dominated by small or negative correlation (Fig. 5a ). There are large regions with significantly negative correlation west of Great Britain and over the Mediterranean. Once again, with the increase in resolution in HR (Fig. 5c ) this strongly improves and positive anomaly correlation bestrides the entire North Atlantic, and is skillful (significant) over a large contiguous area over the North Sea and Scandinavia and at scattered grid points over the central North Atlantic. Thus, the skill for extra-tropical cyclone frequencies is significantly improved through the finer resolu-20 tion in large areas over the central and eastern North Atlantic, the North Sea, Scandinavia and Eastern Europe (Fig. 5e) . Those areas in which the skill is improved in HR coincide with the location of the maximum bias improvement and with the more accurately represented climatological cyclone frequencies on the downstream end along the European west coast. The analysis also reveals that not only the skill for the cyclone track frequency improves, but also for the cyclone genesis frequency, i.e.
the location where the cyclones form (not shown). There is significant skill improvement from LR to HR of the cyclogenesis 25 frequency south of Greenland, over the entire eastern North Atlantic and over Northern Europe (not shown), indicating that not only the lifetime and pathway of existing maritime cyclones is improved but also the genesis of cyclones that form just off the European west coast and continental cyclones.
Prediction skill for the winter windstorms in the LR prediction system is present over the central North Atlantic, in the 30 region of the maximum of the windstorm climatology, and over Eastern Europe (Fig. 5b) . A large area of significant negative anomaly correlation is located around Newfoundland. It is remarkable that with the finer resolution the skill increases almost throughout the entire domain, i.e. it improves over the ocean but also and most strongly over continental areas. This effect is strongest and significant around Newfoundland and over Central and Eastern Europe (Fig. 5f ). This matches the results for the skill improvement of the cyclone frequencies in Fig. 5e , indicating that if the cyclone tracks are improved along the European west coast, the downstream impact of the associated wind fields is also improved. Also, the skill improvement over Canada and Newfoundland is in line with the bias reduction of the ensemble mean windstorm climatology in this region. The HR system thus produces skillful windstorm predictions over large regions of the Northern Hemisphere, but most impressively over Central and Eastern Europe (Fig. 5d) .
Discussion and Conclusion
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This study has evaluated the changes in the deterministic decadal forecast skill of the atmospheric extra-tropical winter circulation in response to an increase in the horizontal and vertical resolution of the forecast system, under otherwise unchanged conditions (initialization technique, parametrization). Two hindcast sets initialized in the period 1978-2012, performed with the MiKlip pre-operational decadal prediction system, one of lower resolution (LR, atm. ∼1.8
• , ocean ∼1.5
• ) and one of higher resolution (HR, atm. ∼0.9
• , ocean ∼0.4
• ), have been evaluated for the winters 2-5 after the initialization, using 5 members 10 each. The forecast skill has been analyzed in terms of anomaly correlation for the stormtrack, blocking frequency, cyclone frequency and windstorm frequency. Additionally, the analysis of the ensemble mean model bias has provided additional insights into the modified atmospheric dynamics and into possible sources of improved forecast skill in the higher resolved system.
It has been demonstrated that with the increase in the horizontal and vertical resolution, the representation of the mid-latitude dynamics in the MPI-ESM decadal prediction system is significantly improved. This applies to the ensemble mean climatology 15 as well as the decadal prediction skill.
The stormtrack climatology in LR is represented too zonally and slightly shifted southward compared to the reanalysis, which is a well known weakness of many climate models and was discussed for CMIP5 models e.g. in Zappa et al. (2013) .
The increased model resolution counteracts this bias, leading to an extended and slightly more tilted stormtrack, but it cannot fully compensate for it. Changes are strongest on the northward side of the stormtrack maximum. These results correspond to 20 findings from Müller et al. (2018) , who noted a reduced bias of the atmospheric jet stream position in the northern extra-tropics and a decrease of the storm track bias over the northern North Atlantic in HR.
The slightly better representation of the stormtrack over the eastern North Atlantic is in line with a slightly improved blocking frequency, this means less dominance of westerlies along the European west coast and instead more influence by blocking situations. However, amongst all variables, the blocking frequency is affected least by the increased resolution. The lack of 25 blocking over the eastern North Atlantic and the southward shift of the blocking climatology in LR is only marginally modified by the higher resolution -effects are strongest over the Mediterranean and downstream the southern tip of Greenland. This bias pattern is common in climate models, and has been reported e.g. by Scaife et al. (2010) and also for the MPI-ESM by Müller et al. (2018) .
Cyclone frequencies are overall too high in the entire domain in the LR version -a feature that has been found in previous 30 studies with the MPI-ESM (Kruschke et al., 2014) and its predecessor ECHAM5 (Bengtsson et al., 2006) . This cyclone bias is strongest over the eastern North Atlantic just west of Great Britain and is consistent with a negative sea-level pressure bias, i.e. systematically too low pressure values between 2 and 5 hPa, in the same region found in LR (Müller et al., 2018) . Earlier, we argued that strong cyclones are usually accompanied by windstorms and that because of the different bias patterns of these two variables, the intense bias seen in the LR cyclones is likely due to weak and moderate systems. This is in line with the evaluation of Kruschke et al. (2014) , who actually showed that in LR the strong positive cyclone bias can mainly be attributed to weak and moderate systems, by illustrating a remarkably reduced bias over the North Atlantic and Europe when only intense cyclones, i.e. the strongest 25% in terms of the Laplacian of the sea-level pressure, are considered. In contrast to the minor 5 influence on blocking, the increase in model resolution has a powerful effect on cyclone frequencies and successfully manages to decrease the strong Atlantic cyclone frequency bias to a minimum, leaving its climatology to resemble that of the reanalysis very closely. This is also in line with the reduced sea-level pressure bias in HR found by Müller et al. (2018) .
In the low resolution system the windstorm frequency is too small over the Atlantic Ocean and too high over land, a phenomenon that has been reported previously, e.g. by Kruschke et al. (2016) . The higher resolution seems to improve especially Significant improvement in the anomaly correlation of the blocking frequency is found downstream of where the stormtrack skill is improved, and in large patches all around Europe, except for Central Europe. The strongest effect of the bias reduction,
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found over the Mediterranean, coincides with skill improvement in that area, however since the bias reduction is generally marginal, a direct effect on the decadal prediction skill is not necessarily given.
The strong misrepresentation of the cyclone climatology in LR results in no decadal forecast skill throughout the North Atlantic and European domain. Thus the striking climatological bias reduction in HR also impacts the prediction skill, which is improved throughout the entire domain (significantly along the outskirts of the cyclone frequency maximum) and results in 30 skillful cyclone frequency predictions over Northern Europe. The improved representation of cyclones in this region may also be beneficial for the prediction of blocking over Scandinavia (where the skill in HR is significantly improved), as cyclones can contribute to downstream blocking formation through eddy vorticity forcing (Shutts, 1983) and diabatic processes (Pfahl et al., 2015) . A more accurate representation of smaller-scale diabatic processes may also be a reason for the increased forecast skill
